. we report that, in addition to acting as a chemorepelWhile mice with a targeted deletion in Sema3A have lant for cortical axons, Slit1 regulates dendritic develaxonal and dendritic defects, many of the cortical neuopment. Slit1 is expressed in the developing cortex, rons are able to extend axons to subcortical targets, and exposure to Slit1 leads to increased dendritic suggesting the involvement of additional axon guidance growth and branching. Conversely, inhibition of Slitmolecules. In addition, the fact that Sema3A exerts disRobo interactions by Robo-Fc fusion proteins or by a tinct effects on axons and dendrites raises the possibildominant-negative Robo attenuates dendritic branchity that other chemotropic molecules might also have ing. Stimulation of neurons transfected with a Met-Robo the ability to differentially influence axonal and dendritic chimeric receptor with Hepatocyte growth factor leads growth. To investigate these issues, we examined the to a robust induction of dendritic growth and branching, effects of other chemotropic molecules on cortical neusuggesting that Robo-mediated signaling is sufficient ron development. Other than Semaphorins, the two mato induce dendritic remodeling. These experiments injor families of diffusible chemotropic cues are Netrins dicate that Slit-Robo interactions may exert a signifiand Slits. The role of Netrins on cortical development cant influence over the specification of cortical neuron has been previously explored, and it has been shown morphology by regulating both axon guidance and denthat Netrin1 can act as a chemoattractant for cortical dritic patterning.
The role of Slits in axonal and dendritic patterning in the mammalian brain is largely unexplored. Here we al., 2000a) and acts as a repellent for muscle precursors leaving the midline . Interestingly, rereport that the Slits and Robos are expressed widely and dynamically in the developing cerebral cortex. At cent work has shown that dSlit also has a positive role in Drosophila; in a matter of a few hours, these migrating late embryonic stages, when neurons in the cortical plate are extending axons and elaborating dendritic cells switch their responsiveness to dSlit such that muscle-insertion sites expressing dSlit become attractive trees, Slit1, but not Slit2 or Slit3, is expressed at high levels, along with Robo1 and Robo2. The expression for muscle cells expressing the Robo receptor (Kramer et al., 2001 ).
pattern of Slit1, coupled with the ability of Slit1 to repel cortical axons in an in vitro assay, suggests that Slit1 There are three vertebrate slit genes and three robo receptors (Brose et al., 1999; Yuan et al., 1999) . At the might function as the Sema3A-independent corticalrepellant factor. We also find that Slit1 exerts a major vertebrate midline, there is evidence that expression of Slits and Robos controls the crossing of commisural influence on dendritic growth and branching. Studies with truncated and chimeric receptors suggest that Slit1 axons in the spinal cord (Zou et al., 2000) , retinal ganglion cell axons at the optic chiasm (Erskine et al., 2000;  is an endogenous dendritic branching factor and that this effect is mediated through the Robo receptors. Fricke et al., 2001 ; Niclou et al., 2000) , and fibers of the corpus callosum (Shu and Richards, 2001 ). Additionally, Based on these observations, we propose that Slit1 is a bifunctional cue for cortical neurons that can differenSlit1 and Slit2 expressed in the septum appear to repel olfactory bulb axons as they project into the lateral olfactially regulate axonal and dendritic patterning. tory tract (Li et al., 1999 ; Nguyen Ba-Charvet et al., 1999). Slits also influence axon guidance outside the midline, Results as Slit2 is a chemorepellant for dentate gyrus axons and may prevent their invasion of the entorhinal cortex Expression of slit Genes in the Developing Cortex To determine the expression patterns of the slit family (Nguyen Ba-Charvet et al., 1999).
Along with their roles in axon repulsion, Slit proteins members in the developing rat cortex, we performed in situ hybridizations at several developmental ages. As have been implicated in controlling axon branching. Slit2 was biochemically isolated as a branching factor for early as embryonic day 15 (E15), when the deep layer neurons have just completed their migration and are dorsal root ganglion axons (Wang et al., 1999) . Interestingly, the branching activity was found to reside in a beginning to extend axons toward the intermediate zone, slit1 is heavily expressed in the cortical plate (Figslit3 , unlike slit2, is expressed in the embryonic neocortex, but only transiently. At E15 (Figure 1G ), slit3 is ure 1A). High levels of expression throughout the cortical plate are maintained at E18 ( Figure 1B) and E20 (data expressed in the cortical plate/marginal zone, in a manner similar to that of slit1. However, its expression rapidly not shown). However, by postnatal day 1 (P1), only the infragranular layers (V and VI) and not the dense cortical disappears, such that slit3 is not expressed at either E18 ( Figure 1H ), P1 (data not shown), or P5 ( Figure 1I ). plate which differentiates into layers II/III expressed slit1 (data not shown). At P5, expression is restricted to layers By P10 slit3 is expressed at high levels in layers II/III (this is in contrast to slit1 and slit2) and in layer V ( Figure  V , VI, and the subplate ( Figure 1C ). slit1 continues to be expressed in the adult, with highest expression in the 2E). In the adult, slit3 expression is detected in all layers except layer IV ( Figure 2F ). deep cortical layers ( Figure 2B) . slit2 is not expressed in the neocortex at either E15 Thus, during the embryonic period when cortical neurons are completing their migration and projection neu-( Figure 1D ) or E18 ( Figure 1E ). However, by P1, slit2 is weakly expressed in the basal cortical plate (data not rons are extending axons toward the intermediate zone, slit1 and to some extent slit3 are expressed in the cortishown). By P5, it is present in layer V ( Figure 1F ), which contains pyramidal neurons that will give rise to the cal plate. All of the slit genes show layer-specific expression patterns during the early postnatal period, which corticospinal and some of the cortico-cortical projections. The strong band of expression at the bottom of is a period of extensive dendritic growth and branching, as well as terminal branching of afferent axons. Interest- Figure 1F is due to previously reported expression in the CA3 field of the hippocampus (Nguyen Ba-Charvet ingly, all of the slits continue to be expressed in the adult cortex, which suggests that these factors must et al., 1999). regulate cellular events other than those that are developmentally important.
Expression of robo Genes in the Developing Cortex
Three mammalian receptors for the Slits have so far been identified, two of which, Robo1 and Robo2, are expressed in distinct patterns in the cortex. The third, Rig-1 (Robo3), is not expressed in the cortex (data not shown). At E15 and E18, robo1 is expressed throughout the cortical plate at high levels ( Figures 1J and 1K) . At this age, robo2 expression is also restricted to the cortical plate ( Figure 1M ), but at E18 it is expressed throughout the cortical plate and the intermediate zone ( Figure  1N ), presumably by neurons migrating through this region. At P1, both receptors are expressed similarly in the cortical plate (data not shown), but by P5 robo1 is expressed in layers II and V (Figure 1L ), while robo2 is expressed in all cortical layers ( Figure 1O ). At P10, low levels of robo1 expression can be detected in layers II and III and higher levels in layers V and VI ( Figure 2G ). By adulthood, robo1 expression is restricted to layer V, and to a lesser extent, layer VI ( Figure 2H ). This transient expansion of expression around P10 suggests that Robo1 might play a role in shaping connectivity in the upper cortical layers, because this is an important period for activity-dependent plasticity. In contrast, the expression of robo2 is detected in all cortical layers (with slightly lower levels in layer IV) at P10 ( Figure 2I ). The main change in robo2 expression between P10 and adult is a decline in expression in the superficial layers ( Figure 2J) .
The complex and dynamic expression patterns of the slit and robo gene expression suggests that different receptor-ligand interactions may regulate a number of different cellular events during cortical development. jected to SDS-PAGE and Western blotted with ␣-myc, a band corresponding to full-length Slit1 was detected at the expected molecular weight of ‫002ف‬ kDa in both et al., 1999). The difference in cleavage patterns and product size, coupled with the previously reported diverthe conditioned media and the membrane-associated fraction ( Figure 3A) . A smaller species of ‫04ف‬ kDa, corregence in the putative cleavage consensus sequence (Brose et al., 1999) , suggests that Slit1 might be cleaved sponding to a smaller C-terminal myc-tagged fragment, was detected in the conditioned media, suggesting that at a different site than Slit2. To determine if Slit1 is similarly processed in neurons, Slit1 undergoes proteolytic processing. This aspect of Slit1 processing is similar to that of Slit2, which is rat E18 primary neuron cultures were transfected at 3 days in vitro (DIV) with either control or mSlit1-myc plascleaved between the fifth and sixth EGF repeats, resulting in a larger N-terminal fragment of ‫041ف‬ kDa and mid. After 5 DIV, Slit1 from the conditioned media and cell lysates was immunoprecipitated by incubation with a smaller C-terminal fragment of ‫06-55ف‬ kDa (Brose ␣-myc antibodies. SDS-PAGE followed by blotting with tion, individual GFP-positive cells in these cultures are well separated from each other, allowing their morphol-␣-myc detected full-length Slit1 which migrates at ‫002ف‬ kDa ( Figure 3B ). The cleaved form of Slit1 was not deogy to be clearly visualized (e.g., Figures 4A-4F ). To evaluate the effects of Slit1 on neuronal morphology, tected in these neuronal transfections, although the possibility that that is due to limits of sensitivity cannot be supernatant from control and Slit1-transfected 293T cells was concentrated and added to these cultures 1 excluded.
hr after plating. The cultures were fixed after 3 DIV and stained with ␣-GFP and ␣-MAP2, and their morphology Slit1 Functions as a Chemorepellant was examined under immunofluorescence.
for Cortical Axons
Remarkably, we discovered a robust effect of Slit1 on In the first series of experiments, we examined the efthe growth and branching of cortical neuron dendrites. fects of Slit1 on cortical axon guidance using a slice As shown in Figures Figure 4K ) in the presence of Slit1 repulsive effect of Slit1 is quite robust at a distance; the supernatant. To control for the possibility that the inrepellent activity could reliably be detected between crease in branchpoints may be secondary to overall 250 and 500 m away from the aggregate-white matter dendritic arbor expansion rather than a specific effect interface, suggesting that a gradient of Slit1 in the cortion branching, we normalized these parameters into a cal plate might contribute to directing newly extending branching index, a measure of the number of branchaxons toward the white matter. points per average dendritic length. With control-treated cells normalized to 100, we see a 60% increase in the Slit1 Induces Dendritic Growth and Branching branching index for nonpyramidal cells and a 47% inin Cortical Cultures crease for pyramidal cells ( Figure 4L ). Slit1-induced To determine whether Slit1 might have effects on neubranches appeared to be evenly distributed, rather than ronal morphology apart from its ability to repel axons, being concentrated at proximal or distal sites. Slit1 treatwe needed to develop a cell culture system that would ment also appeared to be correlated and cleaved forms have distinct effects with respect fixed after 7 DIV of incubation with or without 1.5 g/ ml Robo1-Fc and stained for ␣-GFP and ␣-MAP2. As in to axonal and dendritic patterning, we constructed an N-terminal Slit1 (Slit1-N) that is truncated between the vivo, the apical dendrites of these neurons develop earlier than the basal dendrites, so our analysis was refifth and sixth EGF repeats, based on the site of cleavage of Slit2. When supernatant was prepared with this constricted to measurements of apical dendrite length and branching. As shown in Figure 6 , Robo-Fc treatment led struct and added to cultures, it caused a 35% increase in the branching index (data not shown), indicating that to marked attenuation of apical dendrite growth and branching. Control cells had an average of 271 Ϯ 20 m the N-terminal fragment retains at least some of the dendritic branching activity. However, when this N-terof total apical dendrite length, compared to 182 Ϯ 14 m for Robo1-Fc-treated cells ( Figure 6G ). The number minal construct was transfected into 293T cells and used in the slice overlay assay, we failed to detect any of branchpoints per apical dendrite in Robo-Fc-treated slices dropped by a factor of 3 ( Figure 6H ), and the repellant activity ( Figures 3E, 3H, and 3J ). This experiment suggests the possibility that full-length and branching index dropped by about 50% ( Figure 6I ). These observations suggest that endogenous Slit pro-N-terminal Slit1 may differentially influence axon guidance and dendritic branching, but we should emphasize duced by cortical slices acts as a dendritic branching factor and supports the conclusions of the dissociated that rigorous evaluation of that possibility will require mapping of the cleavage site for Slit1, which has not culture experiments. yet been done.
Dominant-Negative Robo Constructs Inhibit Dendritic Branching Inhibition of Dendritic Branching by Robo Ectodomains
While the experiments described above suggest that Slits function as dendritic growth and branching factors, Since the effects of Slit1 on dendrite branching are distinct from previously described biological activities of they do not address whether Robo receptors mediate this effect. Previous studies indicate that the Robo reSlits, in the remainder of the study we focused on characterizing this effect in greater detail. To explore the ceptors can multimerize ( (Figures 5A and 5B) . The total Robo2-⌬-cyt. After 6 DIV the cultures were fixed, and the dendritic morphology of transfected neurons was dendritic length of nonpyramidal cells decreased from 520 Ϯ 50 M to 255 Ϯ 25 M (Figure 5C ), the number analyzed following ␣-GFP and ␣-MAP2 immunofluorescence. Because the previously described Slit1 effects of primary dendrites decreased from 6.4 Ϯ 1.7 to 4.2 Ϯ 1.4 (Figure 5D ), and the number of branchpoints dewere not substantially different between nonpyramidal and pyramidal cells, we did not divide our analysis based creased from 15.9 Ϯ 2.4 to 5.5 Ϯ 0.9 ( Figure 5E ). Similarly, for pyramidal cells, the total dendritic length deon cell subtype. As shown in Figure 7 , transfection with dominant-negative Robo constructs significantly attencreased from 375 Ϯ 36 M to 253 Ϯ 27 M ( Figure 5C ), and the number of branchpoints decreased from 9.9 Ϯ uated Slit-induced dendritic growth and branching. Dendritic length in controls was 333 Ϯ 23 M compared 1.3 to 6.0 Ϯ 1.1 ( Figure 5E ). However, the number of basal dendrites was not affected ( Figure 5D) . to 263 Ϯ 23 M for Robo1-⌬-cyt but was essentially unchanged (314 Ϯ 27 M) for Robo2-⌬-cyt ( Figure 7B ). Both Robo1-Fc and Robo2-Fc were equally effective in reducing branching in these cultures, and this effect In the control condition, the mean number of dendrites per cell was 4.9 Ϯ 0.5, which decreased to 3.0 Ϯ 0.3 could be rescued by preincubating the Robo-Fc protein with Slit1, but not control, supernatant prior to adding and 3.5 Ϯ 0.3 for Robo1-⌬-cyt and Robo2-⌬-cyt, respectively ( Figure 7C ). The mean number of branchpoints it to the cultures (data not shown). In sum, following treatment with Robo-Fc, the branching index decreased per cell in controls was 9.0 Ϯ 1.2 but decreased to 3.2 Ϯ 0.5 for Robo1-⌬-cyt and to 5.7 Ϯ 0.8 for Robo2-⌬-cyt by 53% for nonpyramidal cells and 30% for pyramidal cells (Figure 5F ), suggesting that endogenous Slits con-( Figure 7D ). Overall, Robo1-⌬-cyt was more effective at inhibiting branching, causing a ‫%07ف‬ reduction in the tribute significantly to the branching pattern of cortical neurons in culture.
branching index, versus ‫%05ف‬ reduction for Robo2-⌬-cyt ( Figure 7E ). To determine whether endogenous Slit influences dendritic branching in a more physiological setting, we perTo further investigate the role of Robo signaling in the regulation of dendritic branching, we examined whether formed a modified slice overlay assay (Polleux et al., 2000) . E17.5 GFP cortical cells were plated on top of P2 perturbing Robo signaling in slice cultures would affect dendritic morphology. P8 is the earliest age at which rat slices, an age at which Slit1 is still expressed at high levels through most of the cortical plate. Slices were we can reliably use biolistic transfection to introduce constructs into a large number of pyramidal neurons in eGFP ( Figures 7I-7K ) and fixed at 3 DIV. Slices were stained with ␣-GFP and ␣-MAP2, and the nuclei were cortical slices. At this age, layer V pyramidal neurons express both Robo1 and Robo2 mRNA, suggesting that counterstained with Hoescht dye to assist with the assignment of laminar identity. Transfected layer V pyramithey may be responsive to any or all of the Slits expressed in the cortex. Cortical slices (400 m) were dal neurons were captured with a confocal microscope. Merged Z stack images were subjected to a modified cultured for 1 DIV before being transfected with control plasmid plus eGFP (Figures 7F-7H) or Robo1-⌬-cyt plus Sholl analysis, in which a series of concentric rings are centered on the cell body and the number of processes tures cotransfected with eGFP and control vector, there was no effect on any of the dendritic parameters meacrossing each of the rings is counted. This analysis indirectly measures both dendritic length and branching, sured previously (data not shown). However, transfection of Met-Robo1 or Met-Robo2 followed by HGF stimugiving rise to a measure of dendritic complexity. assay, Slit1 is a chemorepellant for cortical axons, and in dissociated cultures and in cortical slice cultures, suggesting that endogenous Slit acts as a branching the developmental expression of Slit1 suggests that it may orient axons toward the white matter. Along with factor for cortical neurons. Activation of the Robo receptor appears to be sufficient to induce dendritic growth repelling axons, we find that Slit1 has a striking and robust effect on dendritic growth and branching. We and branching, since these effects can be induced by HGF stimulation of neurons expressing a Met-Robo chifind that addition of Robo-Fc, which should bind and inhibit extracellular Slit, inhibits dendritic growth and meric receptor. These observations reveal a new role for Slits in the control of dendritic development, and branching both in dissociated cultures and in slice overlay assays. We also find that expression of a dominantsuggest that Slit1 in particular may play a critical role in specifying cortical neuron morphology. The effects negative Robo construct attenuates dendritic branching guidance cues, and in the future it will be important to develop tools to visualize these proposed gradients to 1999), and together these studies suggest that regulation of branch formation may be a general property of place guidance models on firmer footing. We initially began studying the Slit family of secreted Slit proteins.
Robo1-⌬-cyt-transfected neurons appeared to have lation led to a dramatic increase in both dendritic growth and branching (Figures 8A and 8B). For Met-Robo1, total both fewer and shorter dendritic processes (Figures 7I-7K) than did control-transfected cells (Figures 7F-7H). dendritic length increased from 397
It is interesting to consider the effects of Slit1 in the chemorepellants in search of a Sema3A-independent activity in the cortical plate that contributed to the proper context of its developmental expression. We detect Slit1 expression in the cortical plate as early as E15. At this orientation of cortical axons toward the white matter. Slit1, like Sema3A, is highly expressed in the cortical time only layer 5 and 6 cells have migrated into the cortical plate and have just extended an efferent axon plate during the period when axons are initially projecting to the white matter, and like Sema3A, Slit1 is toward the intermediate zone. Based on the ability of Slit1 to repel cortical axons, we propose that this early capable of repelling cortical axons in a slice overlay assay. The functional significance of having two chemoexpression of Slit1 is involved in axon repulsion. One would expect a gradient of Slit1 to be present in the repellants similarly expressed in the cortical plate is not clear, but one possibility is that they act on different cortical plate at this age, but unfortunately in the absence of an antibody to Slit1, we cannot make definitive subsets of cortical projection neurons. Interestingly, ried out in duplicate wells, and all of the experiments described here were repeated at least twice and the results pooled. GFPϩ Immunoprecipitation and Western Blots neurons were randomly captured using a digital camera attached Dishes (60 mm) containing 4 ϫ 10 6 neurons were transfected with to a Nikon Eclipse TE300 inverted microscope driven by IPLab or 9 g control plasmid or mSlit1-myc at 3 DIV. At 6 DIV, conditioned OpenLab image-acquisition software. Thirty to forty neurons per media and cell lysate were collected, incubated with the ␣-myc morphological class per condition per experiment were reconmonoclonal 9E10 (Babco) and then Protein A/G beads before runstructed and scored for number of processes, total dendritic length, ning on a 12% polyacrylamide gel. After transfer, blots were incudendritic branchpoints, average dendritic length, and branching inbated in primary (9E10, 1:1000) in 0.5% milk in 1X TBST. ␣-mousedex (number of branchpoints divided by average dendritic length, HRP secondary antibody (Amersham) at 1:20,000 was used and expressed as percent of control). Axons were excluded from analyvisualized with a chemiluminescent substrate (SuperSignal, Pierce).
sis on the basis of characteristic morphology or MAP2 negativity. Slit1 supernatant was subjected to the same Western blotting proFor quantification, the image of each analyzed neuron projected on tocol.
the computer screen was traced with a virtual pen (using the mouse to move the pen). This trace was used by the software program to Slice Overlay Assay calculate total length and other parameters. A subset of cells were Postnatal day 2 or 3 (P2-P3) rat brains were dissected in cold Hanks' reconstructed using ClarisDraw software for representative purbalanced salt solution (HBSS), embedded in 3% low-melting point poses. For the modified slice overlay assay and biolistic transfecagarose in HBSS, and coronally sectioned on a vibratome at 250 tions, neurons were acquired on an Ultraview confocal. Z stacks M. Slices were cultured on a transparent porous membrane (1 M were merged in OpenLab and either quantified as above or subpore size, Becton Dickinson) in a 35 mm well containing media (70% jected to a modified Sholl analysis with concentric circles every 25 Basal Media Eagle, 25% HBSS, 20 mM glucose, 1 mM glutamine, m. The biolistic transfection experiment was performed three 1 mM penicillin-streptomycin, 5% horse serum). Aggregates of times, with a total of 30 cells per condition quantified and the results transfected 293T cells were prepared using a modified hangingat each interval compared by an unpaired t test. Data are shown as drop method in which cells were resuspended in rat tail collagen, mean Ϯ standard error. Statistically significant differents (Student's t which was allowed to polymerize. E18 dissociated rat neurons were test, p Ͻ 0.05) are indicated by an asterisk. labeled in DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј -tetramethyl indocarbocyaIt should be noted that the "controls" in the different experiments nine percholate, Molecular Probes) for 10 min before plating on top are different, depending upon the experimental manipulation. In of slice-aggregate cocultures. The slices were imaged with IPLab Figure 4 , the control treatment is supernatant from 293T cells transSpectrum 3.1.1 (Scanalytics) 4-6 hr after DiI-labeled dissociated fected with the parent vector, concentrated the same way as the neurons were plated on top of the cortical slice-293T aggregate Slit1 supernatants. In Figure 5 , the control treatment is AP-Fc procombination. If a cell landed within 250 M of the interface between tein, purified from 293T cell supernatants the same way as Robothe 293T aggregate and the white matter, a vector representing the Fc. In Figure 7 , the controls represent neurons transfected with a direction and length of its axon was drawn. Axon vectors between vector plasmid instead of the dominant-negative Robo construct. 45Њ and 135Њ were considered to be oriented toward the pia, and Also, the neurons in 
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